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Ultracold Electron/lon Source

Trap & Cool

Magneto-optical trap
Density = 10"6 / m3

RMS size = 1 mm
T=100 (K
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Accelerate
Ultracold source
Bunch energy E = 15 keV

Luiten et al.,

PRL 95, 164801 (2005)
McCulloch et al.,

Nat. Phys. 7, 785 (2011)



Application: Ultrafast electron diffraction

 Structural dynamics
* Resolve atomic length and time scales: ~1 A, ~100 fs

Diffraction pattern

Laser pulse

Screen or
image detector

Electron pulse
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Application: Focused ion beams (FIB)

B Cross Section Imaging Machining, sputtering/milling
" TEM sample preparation

(Logo) engraving

http://www.s3.infm.it/fib.html
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Laser-cooled ion source

Excitation

lonization

R
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|

MOT parameters

Temperature:
Vih
n

Ultra-cold R
ion beam O,
Geometry
V
Coulomb ¢

. ) a
Interactions

\4

Typical current:

1018 m—3

10 pA
13 um
1.4 um

2 kV
20 mm
1 mm

Simple theory predicts total collapse of brightness

But that is without acceleration...
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Click into window and wait for movie to start

Movie: Wouter Engelen




=% Brighter sources, better simulations

www.pulsar.nl

Photogun: for example DESY / LCLS:
 Initial emittance ~ 1 ym (eV energy spread)
%= . Emittance ~ preserved in entire device

« Required simulation accuracy: <1 uym

Laser-cooled sources:

 Initial emittance: <1 nm (meV energy spread)
«  Emittance?

» Desired simulation accuracy: <1 nm

Quantum degenerate sources



oo ‘Typical’ simulation code: GPT

www.pulsar.nl

Tracks sample particles in time-domain
Relativistic equations of motion
* Fully 3D, including all non-linear effects

« GPT solves with 5" order embedded Runge Kutta, adaptive stepsize

« GPT can track ~10° particles on a PC with 1 GB memory

« Challenge: E(r,t)lB(r,t), flexibility without compromising accrracy

External fields Coulomb interactions
Analytical expressions Field-maps Particle in Cell All interactions
@ _O
® 0° o
© 9 O
{E,B}=f(x,y,z,t) 00 o8 ©

810



9 Commercial companies

GPT Users Worldwide  semeeoeu e

FEI Company Netherlands
www.pulsar.nl/gpt i Japan
48 Research institutes Ishikawajima-Harima Heavy Industries Japan
Andrzej Soltan Institute for Nuclear Studies Poland Kot?e Slte.el, Ltd. Japan
Advanced Industrial Science and Technology (AIST) Japan Oce Printing Systems Germany
Akita National College of Technology Japan Positronics Research USA
Argonne National Laboratory (ANL) USA Sumitomo Heavy Industries Japan
Bhabha Atomic Research Centre India i iti
Brookhaven National Laboratory USA 43 UnlverSItleS
Cells Spain Abertay Dundee UK
Centre for Advanced Technology India Ankara University Turkey
Consorcio ESS BILBAO Spain Australian National University Australia
Daresbury Laboratory UK Cornell University USA
Deutsches Electronen-Synchrotron (DESY) Germany Netherlands
European Synchrotron Radiation Facility (ESRF) France
Fermi National Accelerator Laboratory (FN/*° USA
FOM-Rijnhuizen Netherlands
Forschungszentrum Jilich GmbH Germany
Forschungszentrum Rossendorf (F7” German’
Helmholtz-Zentrum Berlin Germa’
High Energy Accelerator Re~ » Japar ’
Institute of Applied Electrc , Japar Jniver:
Institute of Modern Physic .~CAS) Chin
Interfacultair Reactor Instiwut Netr |
Japan Atomic Energy Agency (JAEA) Jap:
Jefferson Laboratory US#
Korea Atomic Energy Research Institute ) Sou a
Lawrence Berkeley National Laboratory US#
Los Alamos National Laboratory (LANL) US#
Marshall Space Flight Center (NASA) USA
Max Born Institute Gerrn
Max-Planck-Institut fiir Quantenoptik (MF Gern
Moscow Engineering Physics Institute (V Russi.
National Synchrotron Radiation Researct r Taiwar Netherlands
Naval Postgraduate School USA ‘Japan
Netvision Israel Axford Un
Paul Scherrer Institute (PSI) Switzerland Paris — sud Un
Pohang Accelergtor Laboratory (POSTEL. ., South Korea Sichuan University
Rafael Laboratories Israel Stanford University USA
R.utherford Appleton Laboratory (RAL) UK Strathclyde UK
Sincrotrone Trieste S.C.p.A. ltaly Technische Universitat Darmstadt German
Soltan Institute for Nuclear Studies Poland i : . Y
Stanford Linear Accelerator Center (SLAC) USA Uiy Un'|vers.|ty SR
Sameer R&D of Govt. of India India Tohoku University Japan
Shanghai Institute of Applied Physics China Tokyo University Japan
Sincrotrone Trieste S.C.p.A. Italy Toronto University Canada
Soreq Research Center Israel Tsukuba University Japan
Stanford Linear Accelerator Center (SLAC) USA Tsinghua University China
Tekniker Spain Twente University Netherlands 11
Tokyo Institute of Technology Japan University of Abertay Dundee UK

TRIUMF Canada e e e A
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Coulomb interactions

Macroscopic:

Space-charge

Average repulsion force

Bunch expands

Deformations in phase-space
Governed by Poisson’s equation

Microscopic:

Disorder induced heating

Neighbouring particles ‘see’ each other
Potential energy — momentum spread
Stochastic effect

Governed by point-to-point interactions

GPT simulations

PRL 93, 094802 .1 =™
O.J. Luitenet. al. ;] £

JAP 102, 093501
T. van Oudheusden et. al. D
A B

PRST-AB 9, 044203 __ @FlLE8
S.B. van der Geer et. al. [REE ST

PRL 102, 034802 ~ ~
M. P. Reijnders et. al.

JAP 102, 094312 I l I
S.B. van der Geer et. al. &= iy

I

Nature Photonics
Vol 2, May 2008
M. Centurion et. al. >
And many others... ' I




o Particle-Mesh (in-Cell)

www.pulsar.nl

. Bunch in laboratory frame

. Bunch in rest frame

Mesh-based electrostatic solver in rest-frame

Bunch is tracked in laboratory frame
Calculations in rest-frame '~y z vy =1/«/1_v2 / c?

— Trilinear interpolation to obtain charge density

2"d order interpolation for the electrostatic field E’

Meshines ° Mesh
— Density follows beam density
p' Charge density
-V V'=p'/e, Poisson equation »  Solve Poisson equation
E'=-VJ)'" B'=( Interpolation *
E.B =L(E) Lor?gtlz tt)frr;jgfi;r?’éat';g « Transform E’ to E and B in laboratory frame

13



S Coulomb interactions

www.pulsar.nl

Disorder induced heating

Px
Space charge

All interactions

Ideal partlcle in- CeII

010203)&)5)6)70&)3)1(1)
time [pg

t=0

GPT simulations: n=1018

4









=% Disorder induced heating

www.pulsar.nl

Random
processes

v

Excess potential
energy U

Coulomb
interactions

Momentum
spread

v

Temperature 1
Brightness |

Low U




Se% Paradigm shift

www.pulsar.nl

Photo/thermionic emission L elet sruees
Disorder induced heating

Space-charge « Fast acceleration

- ‘Shaping’ the beam « Breaking randomness

» Ellipsoidal bunches Tree-codes (B&H, FMM, P3M)
« Every particle matters

Particle-in-Cell  lons and electrons

_  Ab initio
* Macro-particles « No Liouville to the rescue
«  One species « Divergent rms values

* Fluid assumption

. LiouvlﬁI;r RRpEpgun

» Convergent rms values

>>0.02n'3g>/ gy >k T

laser-cooled

18



oo Algorithms...

www.pulsar.nl

All interactions O(N?):
« PP Particle-Particle — slow
« P3M Particle-Particle Particle-Mesh

Accuracy traded for speed:
« B&H Barnes&hut tree: O(N log N)
« FMM Fast-Multipole-Method: O(N)

Southern European observatory



Se%® Barnes-Hut

www.pulsar.nl

Hierarchical tree algorithm:

* Includes all Coulomb interactions
* O(Nlog N) in CPU time

« User-selectable accuracy

Division of space Tree data structure

a)[ o . .| b

T o6 v Tw
TR e e
‘o &%

J. Barnes and P. Hut, Nature 324, (1986) p. 446. 20




Z% Barnes-Hut: GPT 3.1 implementation

www.pulsar.nl

e (C++

* RAII (Resource Acquisition Is Initialization)
— Entire tree is created in constructor
— Exception handling to free resources in case of failure

» Constructor can create different classes for subnodes
— For different hardware (GPU, different processor, ...)
— For different distributions (one outlier, single species, ...)
— Factory design pattern

» Single-thread construction, parallel traversal

« TODO: Minimize memory management overhead
— Boost pool allocators

21



Single-shot Electron Diffraction

Charged particle optics

§ RF compression
| | From 10 ps
, to <100 fs

Van Oudheusden et al.,
JAP 102, 093501 (2007)
PRL 105, 264801 (2010)

fs laser pulse TU/ e

ersity of Technology

| @ Photocathode
PRL 93, 094802 (2004)



=% UED: Tree versus PIC model in GPT

www.pulsar.nl

Tree (all interactions) PIC (Poisson solver)
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oo Comparison with experiments

www.pulsar.nl

2) (c)
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M. P. Reijnders, N. Debernardi, S. B. van der Geer, P.H.A. Mutsaers, E. J. D. Vredenbregt, and O. J. Luiten,
Phase-Space Manipulation of Ultracold lon Bunches with Time-Dependent Fields
PRL 105, 034802 (2010).
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S0 Laser-cooled e~ source

www.pulsar.nl

Fields:
Cavity field 20 MV/m rf-cavity
DC offset 3 MV/m

Particles:

Charge 0.1 pC (625k €7)
Initial density 108 / m3
lonization time 10 ps

Initial Temp 1K

GPT tracking:
- All particles
- Realistic fields
- All interactions

25



oo Longitudinal emission dynamics

www.pulsar.nl

Longitudinal acceleration )
 rf field 3% electrons
« Combined spacecharge gzo-
i
10]
o
200+
ions electrons 0

R —

rf-field

400
-600
. Ez, color coded onr
D -1 0 1 2
. Z [mm]

26



oo Transverse emission dynamics

www.pulsar.nl

Transverse acceleration
* While new ones are still being ionized
« While ions keep them together

ions l Telectrons

)
E
Z o
i
-1 e <
Er, color coded on z

-0.3 -0.2 -0.1 0.0 0.1 0.2 0.3

=T - X [mm]

27



S Laser cooled e~ diffraction

vww.pulsar.nl

0.003
10-; 0.002+
E 0.001%
IS i z
° Projected emittance ‘E 0.0004 ;,‘/
2 Center 10% a o~
0.1 T T T T T T T T T T T T ] 0.001+ /
-10 0 10 20 30 40 50
Z [mm] -0.002%
(a)
-0.003 t } : t 3
100 = 04 02 0.0 0.2 0.4
E 1100 X [mm]
E 103 s ¢
I_‘N . E 10 IG. E.
w ] = @ o
" Z rms bunch length
1 T . T . T : T . | i | i E g -------- rms bunch radius
-10 0 10 20 30 40 50 0.01 4 T T T : )
z [mm] 10 0 10 ] [m;;) 30 40 50
. . . (a)
GPT Simulations include:
* Realistic external fields < 0]
 Start as function of time and position FN
* Relativistic equations of motion &

« All pair-wise interactions included o0 Tl m @ o w

z [mm]



Ze%® Laser cooled e~ diffraction

www.pulsar.nl

DC RF —RF-field 7°%° GPT results:
S —— DC-field |
0- |~ 1,. £, 20 nm (rms)
_ 10% slice ~1 nm
_ 30 4 4 20
E ] 1 £  Energy 120 keV
. 1°s  Spread 1%
8 _ . n €, 60 keV fs
10 __5 Charge 0.1 pC
(625,000 )
0 : 0

30 40

Ultracold Electron Source for Single-Shot, Ultrafast Electron Diffraction
Microscopy and Microanalysis 15, p. 282-289 (2009).
S.B. van der Geer, M.J. de Loos, E.J.D. Vredenbregt, and O.J. Luiten

29
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Conclusion

Laser-cooled sources:

Higher brightness:

Very promising new development
Experimental results match (GPT) predictions
Bright future

Requires new simulation techniques
for the calculation of all pair-wise Coulomb interactions

Such as implemented in GPT where we can now track >1M particles
including all pair-wise interactions

Produces phase-space distributions with divergent rms values

30






Zeo® GPT hardware requirements

www.pulsar.nl

GPT kernel:

* Programming language: C and C++ —

* Multi-core functionality: openMP L - J
» Distributed scans: MPI Mac mini

If you can run Microsoft Office, you can track ~1M particles

Average Power (Total)

HP blade server: 16 servers, 128 cores, 1.2 kW of GPT power!



Single-shot Diffraction Pattern

Monocrystalline Au

U =100 keV
Q =400 fC
Ospot = =200 um

Spot analysis:
L. =3 nm

Study macromolecules:
mm sized crystals!?
.. Or a better source

Techni h Un
Edh
33 ty of Technology



New Concept Electron Source

Photoemission Ultracold
source source

oz =0.5eV T=10K!
T=5000 K
Angular spread 09 — ’2“—5
A
Coherence length .| = E

34

Rb* 7k

lonization

Near-threshold
photoionization

Taban et al.,
EPL 91, 46004 (2010)

Technische Uni
Edhoe
ersity of Technology



Measure T with Waist Scan

10

Accelerator Magnetic Detector

) 4800 nm | | ' | 1220 K Lens

e 4785 nm o ] ]
. 4760nmm o | 1 (—' I
90 K

|

Co
L

Spot Size (mm)

0.0 0.5 1.0 1.5 2.0 —l -
Current Magnetic Lens (A) 3 |_I

TU /e
Edh
35 tyfThlgy



Temperature vs. Excess Energy

Temperature (K)

30 40 50 60 70
Excess Energy (meV)

T =20K!
L. =40 nm @ 200 ym spot

TU/e i
Edh
36 tyfThlgy



Comparison Measurement with Model

o R 7 A A B

Model fs _ . <

— Model | .
200 _ __________________________ R __________________________ _ __________________ 1

< 480 nm | Ionization

—
-
-

5 P30

Temperature (K)

780 nm | Excitation

20 -10 0 10 20 30 40 50
Excess Energy (meV)
Ultracold v

N Ultrafast (?) TU / i



S Miniaturized DESY/LCLS ?7?




Zo% FEL equations
vww.pulsar.nl
2
En =7\‘md kmd_ 7\‘u2 1+K \: 5=me’Y =0(pz)
Yy 4rn 2y 2] hk




Se% FEL driven by laser-cooled source
www.pulsar.nl
Charge 1 pC 0.1 pC
Slice emittance 13 nm 1 nm
Longitudinal emittance 1 keV ps 0.1 keV ps
Peak current 100 A 1 mA
Energy 1.3 GeV 15 MeV
Undulator strength 0.1 0.5
Ay 1.3 mm 800 nm
PEEL 0.0002 0.00002
PQUANTUM 0.1
Gain Length 0.28 m 2 mm
Wavelength 0.1 nm 0.4 nm

Power (1D) 25 MW 50 W, 60k photons



Direct GPT output

X' [mrad]

dl / dU [pAleV]

dl / dx' [pA/mrad)]

0.6- 0.6, 1.5,
04- 1 pA A 0.4 10 pA 5 1.0
0.2 s 0.2 0.5-
0.0 X 0.0/ 0.0-
02 4o 0.2 05
04 ' 04 104
06— . : 06 : : : . oA
-10 0 10 20 -10 0 10 20 60 40 20 0 20 40 60
5. X [um] 30, X [um] X [um]
. q,=0.08 eV /ﬂ q=0.14ev ¥ /\ 0=0.24 eV
3_ 20- / \\ 100«
2]
) / \ i / \
1. /
5999.0 9995 10000 10005 1001.0 9099.0 9995 10000 10005 1001.0 s?gg. 10000 10005 1001.0
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1004 || T=190uK 5004 [ T=740uK  2000. T=2800 uK
|‘|‘ I‘u 400- ’// “ /
A 300.
50, / \ 200 / \ 1000; /
100
0 . J | \ : Q)= ; "‘/ | LT
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5. B. van der Geer, M. P. Reijnders, M. J. de Loos, E. J. D. Vredenbregt, P. H. A. Mutsaers, O. J. Luiten

Simulated performance of an ultracold ion source, JAP 102, 094312 2007



So% Phase-space density estimation

Problem:

« How to estimate (peak) brightness from a (4D) discrete

o distribution: | PN

B‘ - —
044 + +:_ * reduced 14 d 4 dQ

0.2- o,

o Mw’ 1 Current [A] \
o il Volt | Phase space volume [m* radz]j
5 0 5 10 15 Normalization
Proposed solution?:

» Count particles in (4D) hyper ellipsoid
with orientation and aspect ratio given by beam sigma matrix

X' [mrad]
o
o

45 10
X [um]

' Inspired by: Eva Barbera Holzer, Figure of merit for muon cooling - an algorithm for counting

particles in coupled phase-planes, NIM-A 532 (2004) 270-274.

42



Brightness as function of beam fraction
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Energy spread and brightness

Energy spread g, [eV]

V7

% 100,000

Brigthness Br [A msr

+ Energy spreaq [e}ﬂ
Fundamental limit ® LMIS
"I 0 100
+ 44 g
- : F I
v Disorder induced heating
+ o+
+ + ~
+ b
+ Brightness [A m?sr'V]
] —— Fundamental limit
O Estimate
1 10 100

Current | [pA]

5. B. van der Geer, M. P. Reijnders, M. J. de Loos, E. J. D. Vredenbregt, P. H. A. Mutsaers, O. J. Luiten

Simulated performance of an ultracold ion source, JAP 102, 094312 2007
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